We have evaluated as-grown MoS 2 crystals, epitaxially grown on a monocrystalline sapphire by chemical vapor deposition (CVD), with direct electronic band-structure measurements by energy-filtered k-space photoelectron emission microscopy performed with a conventional laboratory vacuum ultraviolet He I light source under off-normal illumination. The valence states of the epitaxial MoS 2 were mapped in momentum space down to 7 eV below the Fermi level. Despite the high nucleation density within the imaged area, the CVD MoS 2 possesses an electronic structure similar to the free-standing monolayer MoS 2 single crystal, and it exhibits hole effective masses of 2.41 ± 0.05 m 0 , and 0.81 ± 0.05 m 0 , respectively, at and K high-symmetry points that are consistent with the van der Waals epitaxial growth mechanism. This demonstrates the excellent ability of the MoS 2 CVD on sapphire to yield a highly aligned growth of well-stitched grains through epitaxial registry with a strongly preferred crystallographic orientation.
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Monolayer MoS 2 has gained significant attention recently as one of the most promising semiconductor materials for development of future generation electronic devices beyond the conventional silicon-based electronics. A large number of studies have been performed on proof-of-principle devices which exploit the unique two-dimensional (2D) properties of the direct band-gap three-atom-thick semiconductor [1] [2] [3] . In the aim of scaling up the fabrication process of MoS 2 -based devices, large-area chemical vapor deposition (CVD) of MoS 2 layers has been demonstrated on centimeter scale substrates, such as SiO 2 and sapphire. Especially, monolayer MoS 2 growth on c-sapphire has successfully demonstrated to produce well-aligned CVD MoS 2 monolayer flakes where more than 90% of the single-crystalline monolayers exhibit preferred crystallographic alignment [4] . This allows for the van der Waals epitaxy of large-area monolayer domains with seamlessly stitched monolayer MoS 2 grains.
The monolayer MoS 2 is known to feature a unique electronic band structure, such as tunable indirect-direct band-gap transition by mechanical strain and spin-orbit-induced splitting at K and K points that enables spin-valley polarization [5] [6] [7] . For further use of epitaxial MoS 2 , it is crucial to carefully examine the electronic structure of the epitaxial domains and compare it to the pristine free-standing monolayer MoS 2 since MoS 2 grown by CVD can exhibit a biaxial in-plane strain due to lattice expansion coefficient mismatch, impurities, and nonstoichiometric chemical states due to crystal defects, such as vacancies and grain boundaries. The charge transport, photoluminescence (PL), and Raman spectroscopy measurements have already indicated that the CVD MoS 2 monolayers exhibit * hknano@gmail.com † Present address: Institut Lavoisier de Versailles (ILV), UMR CNRS 8180, Université de Versailles Saint-Quentin-en-Yvelines, F-78035 Versailles, France. similar electronic qualities as exfoliated MoS 2 monolayers obtained by the adhesive tape method [4] . Furthermore, the direct imaging of the electronic band structure of as-grown epitaxial MoS 2 is realized here. The three-dimensional electronic structure images can provide valuable information regarding direct-to-indirect band-gap transition, presence of multiple polymorphs, and the anisotropic effect of mechanical strain. Jin et al. [8] have observed an upper valence-band (UVB) compression of ∼50% by synchrotron radiation k-resolved photoelectron emission microscopy (kPEEM) in CVD MoS 2 grown on SiO 2 /Si by transferring the as-grown film onto highly doped Si using a polymer support. They attributed this band distortion to the various effects, such as defects, doping, strain, impurities, and interaction with the substrate which may all be affected by the transfer process. The lack of the direct band-structure imaging on as-grown epitaxial MoS 2 was largely due to the difficulty of growing a large single crystal of MoS 2 bigger than tens of microns-a size suitable enough for the reciprocal space imaging and insulating substrate that results in charging of the sample under the incident x-ray or UV illumination.
Here, we performed PEEM on an as-grown CVD monolayer MoS 2 on a dielectric substrate using a laboratory UV source in order to directly probe its electronic structure without any transfer process. This is achieved, first, by implementing energy-filtered momentum microscopy kPEEM, which is a facile way to obtain access to band-structure mapping of well-defined features in k space thanks to the parallel angular imaging over a spatially resolved area as small as 5 μm 2 [9, 10] . For example, it was applied successfully for unravelling a complex stacking in the form of commensurate rotations of few-layer graphene in SiC(000-1), either using conventional bright-field PEEM [9] (Ref. [6] ) or more subtle dark-field PEEM [11] . The reliability and efficiency (no sample rotation as in conventional angle-resolved photoemission spectroscopy, together with analysis of the full reciprocal space in one acquisition run) of this fast analytical method is of high interest for evaluating the electronic properties of 2D materials and related processes. Second, we applied a careful sample preparation method by depositing a gold (Au) electrode across the substrate over continuous fully stitched single-crystalline MoS 2 grains. The Au contact allowed us to perform kPEEM of a CVD-grown MoS 2 monolayer from the domain of ∼20-μm lateral size below the Fermi level without a significant charging effect as the film is electrically contacted to the sample holder. This Rapid Communication demonstrates that reliable kPEEM measurements of the band structure of clean 2D materials on insulating substrates can be performed using a conventional laboratory UV source, thereby providing direct measurements of important electronic properties, such as charge-carrier effective mass, upper valence-band characteristics, and MoS 2 band-structure distortion likely induced by the substrate.
The CVD MoS 2 on a single-crystal c-sapphire substrate (1 × 1 cm 2 ) was produced by the procedure previously reported by Dumcenco et al. [4] . The growth conditions were selected specifically to produce a continuous monolayer film with an average grain size of 5 µm. The MoS 2 coverage and crystal alignment were verified by reflection high-energy electron diffraction (RHEED) as shown in Fig. S1 (see Supplemental Material [12] ). The Raman and photoluminescence spectroscopy mappings [ Fig. S2 (see Supplemental Material [12] )] in the lateral length scale of kPEEM measurements were performed to study the thickness uniformity and optical quality of the film. The details of the RHEED, Raman, and PL spectroscopies can be found in the Supplemental Material [12] .
On the as-grown CVD film, the Au stripes [ Fig. 1 (a)] were evaporated by an electron beam through a patterned shadow mask with a final thickness of 84 nm. This allowed the MoS 2 overlayer on the substrate to be electrically contacted to the stainless-steel PEEM sample holder, which is held at a constant near-ground potential. This is similar to the method employed by Locatelli et al. [13] in order to obtain band-structure imaging of exfoliated graphene on SiO 2 without detrimental charging effects. The Au patterns could also serve as markers which enabled a facile spatial identification of the area of interest by optical microscopy, PEEM, and x-ray photoemission spectroscopy (XPS).
The kPEEM analysis was performed with a NanoESCA MkI spectromicroscope (ScientaOmicron) [14] [15] [16] in ultra-highvacuum conditions and at ambient temperature. An He I cold cathode lamp (hv = 21.2 eV) was employed as a laboratory vacuum-ultra-violet excitation source impinging the sample in an off-normal direction, namely, at an angle of 65°with respect to the sample normal. So-called kPEEM, momentum-resolved images were acquired over the full surface first Brillouin zone (±1.8Å −1 ). The high-energy resolution momentum images were recorded at a spectrometer pass energy of 25 eV and a 1-mm diameter entrance slit of the imaging spectrometer (equivalent to an overall energy resolution of ∼0.2eV) and with low-noise event-counting detection allowing enhanced sensitivity for precise upper valence-band analysis. It is important to note that this energy resolution is the same as typical momentum microscopy measurements performed with synchrotron radiation and reported to date [8] . Compared to the experimental conditions of the work of Jin et al. [8] , the off-normal illumination used here enhances the intensity at the point through favorable transition probability from the out-of-plane Mo 4d 2 z orbitals, which is crucial for a direct analysis of the energy dispersion curves [17] . A careful calibration of the k-space scale was performed by measuring with identical PEEM settings as applied for the MoS 2 sample the known reciprocal lattice distances of a freshly prepared Cu(111) single-crystal surface. After the flat field and darknoise subtraction, the Poisson noise originating from the image counting mode was reduced by postprocessing with the IMAGEJ PUREDENOISE plug-in [18, 19] . A second derivative of each image series was taken in order to enhance the contrast of the band dispersion maps.
We have also performed micron-scale XPS measurements thanks to a scanning x-ray microprobe spectrometer (ULVAC-PHI 5000 Versa Probe II) equipped with a laboratory Al Kα source (hv = 1486.6 eV). The x-ray spot size was 18 µm, and the overall energy resolution was 0.6 eV for highenergy resolution core-level acquisition. A dual-beam charge neutralizer was employed jointly a low-energy Ar ion, and an electron gun was used while performing XPS with the Versa Probe II instrument as the sample was not grounded in this case due to the setup geometry. The spectra offset was adjusted according to the C 1s peak originating from the surface adventitious carbon contamination with a reference binding energy position at 284.8 eV. Figure 1(a) shows the optical microscope image of monolayer MoS 2 grown on sapphire. Before the PEEM investigation, the overall uniformity and coverage of the MoS 2 layer was verified by optical microscopy. The CVD growth could reproducibly yield large single-crystal monolayer grains on the order of 1 µm or bigger where most of them are merged to form seamlessly stitched single-crystal MoS 2 without grain boundaries due to the preferential alignment of the MoS 2 grains on the single-crystal substrate. The crystal alignment, thickness uniformity, and optical quality of our sample was further verified by RHEED (see the Supplemental Material (Fig. S1 ) [12] ), Raman spectroscopic mapping (Fig. S2b) and photoluminescence peak position mapping (Fig. S2e) . Additionally, the spatially resolved XPS in the Mo 3d binding energy region [ Fig. 1(b) ] demonstrates a Mo binding energy shift in agreement with that of an ideal MoS 2 crystal. The main peaks related to the pristine MoS 2 ; Mo 4+ 3d 5/2 and 3d 3/2 doublet peaks (located at 229.1 and 232.2 eV) and the S 2s peak (located at 226.3 eV) are prominent in Fig. 1(b) [20] [21] [22] . The small peak at ∼235.5 eV is likely arising from the Mo 6+ 3d 3/2 chemical state as a result of slight oxidation of the sample at a small fraction of grain boundaries or other crystalline defects within the sample [20] .
The k-space-area-integrated spectrum of the upper valenceband region in Fig. 1(c) reveals that that the Fermi edge is about 1.6 eV above the valence-band maximum. This n doping of the film is expected due to the commonly reported prevalence of sulfur vacancies in MoS 2 [23, 24] .
The kPEEM images in the UVB region were acquired from a uniform area of the sample with a typical field aperture diameter of ∼30 μm; these are shown in Fig. 2 symmetry, clearly demonstrating the preferential alignment of single-crystalline grains of the epitaxial MoS 2 . The cut along the high-symmetry directions (MK ) of the threedimensional stack of the k-space images is shown in Fig. 3 . The dispersion relationships along these high-symmetry directions are important in determining the optoelectronic properties of the film. The band-structure predictions based on the density-functional-theory (DFT) calculations performed by Jin et al. [17] have also been superimposed onto the color map. Unlike the previous report on the uppermost valence band at the point obtained with the synchrotron radiation excitation energy of 42 eV (i.e., at the Cooper minimum of the S 3p orbitals) [8] , the intensity of the photoelectron is higher thanks to the increased cross section at the He I discharge energy of 21.2 eV for the Mo 4d 2 z related bands and enhanced transition probability under more grazing photon excitation. Notably, the K and points are almost at the same energy level within the margin of error of ±0.1eV partly due to the broadening at the K point induced by the enhanced spin-orbit splitting in MoS 2 that remains unresolved here. Also, we cannot exclude a broadening at the point due to contributions from the S 3p z orbitals, the cross section of which at 21.2-eV excitation energy is about 25% that of the Mo 4d 2 z orbitals. We note that an increasing band broadening in monolayer exfoliated MoS 2 was reported recently by Jin et al. [17] , the origin of which is still unclear. Nevertheless, this result is consistent with the characteristic of unstrained monolayer MoS 2 . Thus, FIG. 3 . Electronic band structure of the monolayer MoS 2 on c sapphire along high-symmetry points M, , and K. Theoretical band structure predicted by DFT calculations for a free-standing monolayer MoS 2 from Jin et al. [17] has been superimposed as green dots. The dashed horizontal lines and double-headed arrows indicate the widths of the uppermost valence band of the DFT calculations ( E DFT ) and the actual experiment ( E exp ). The signal-to-noise ratio was enhanced by taking the second derivative of the kPEEM intensity and a steerable filter [27] for each image. The signal-to-noise ratio was enhanced by taking the second derivative of the kPEEM intensity and a steerable filter [27] for each image.
the electronic band structure appears to be similar to that of free-standing single-crystalline monolayer MoS 2 . This is expected for the van der Waals epitaxial growth mechanism where the substrate does not significantly influence the electronic structure through orbital hybridization or by inducing significant mechanical strain in the lattice structure during the growth or cool-down process. We rule out the presence of a significant in-plane strain in the layer since the measured K distance 1.34Å −1 is very close within the range of error to the standard value of 1.326Å −1 for the surface of the first Brillouin zone of bulk MoS 2 . This is consistent with the expected strain value of ∼0.1% considering the van der Waals epitaxial relationship with the substrate and the small thermal lattice expansion coefficient mismatch [4] . This almost negligible in-plane strain is in contrast with what was observed recently on both suspended and supported exfoliated MoS 2 which reported a surface in-plane lattice expansion of about 3.6% compared to bulk MoS 2 [17] . One can estimate the hole effective mass at each highsymmetry point of the first Brillouin zone by analyzing the curvature of the UVB. Within the free-electron approximation, the two-dimensional shape of the UVB is given by the equation
* , where is the reduced Planck constant and m * is the effective mass of the charge carrier. From the electronic band structure obtained with a 25-eV pass energy setting, we performed a series of Gaussian fittings on the energy distribution curves (EDCs) (see the Supplemental Material Fig. S3 [12] ) to trace dispersion relationships near the high-symmetry points in Fig. 4 . The parabolic curve fitting of the band dispersion yielded the effective mass of 2.41 ± 0.05 m 0 at and 0.81 ± 0.05 m 0 at K where m 0 is the electron rest mass. The effective mass at matches closely with the theoretical values reported in literature [8] . However, the effective mass at the K point appears to be significantly higher than the expected values from the other experiments or DFT calculations which range from 0.43 to 0.64m 0 [8] . This is probably due to the increase in uncertainty in the effective mass calculations where spin-orbit splitting leads to a broadening of the band, although the energy resolution was not high enough to resolve the splitting as also reported by Jin et al. [17] . As a result, only a single-peak Gaussian fitting was used to analyze the EDCs at the K point. The electronic states at the K point derive from in-plane Mo d(x 2 − y 2 )/d xy orbitals and therefore, only a significant in-plane strain is expected to affect the derived value of the effective mass. This is not the case here because no significant strain was observed and the c-sapphire substrate does not have a significant density of states near the VBM of MoS 2 unlike the MoS 2 /graphene system where charge-transfer-induced strain for certain twist angles can change the positions of band maxima [25] . Moreover, the overlap between the electronic states of misaligned grains, which comprise less than 10% of the grains, might have contributed to the broadening of the dispersion relationship which increased the uncertainty in the extracted values of the effective mass. In sum, we believe that an increased uncertainty due to band broadening at K is the main reason explaining the derived effective mass value. Further work is underway in order to clearly resolve the band splitting arising from the spin-orbit coupling using improved energy resolution conditions and detection efficiency.
We have also observed a band compression effect in the band structure of the MoS 2 grains where the energy width of the uppermost branch of the valence band ( E exp in Fig. 3 ) is compressed by ∼82% with respect to the free-standing MoS 2 sample of Jin et al. [8] matching very well with their DFT calculations ( E DFT in Fig. 3 ). This value of the "compression factor" is much smaller than that of the transferred CVD monolayer MoS 2 flake on the Si(111) substrate [8] and similar to the one reported for supported MoS 2 on SiO 2 produced by the adhesive tape exfoliation method. This valence-band compression can be attributed to the presence of the sapphire substrate since this has not been observed for the free-standing MoS 2 . The substrate likely induced a weak interaction with the bottom layer of S possibly leading to substrate-induced corrugations, Mo-S bond length variations, or changes in the dielectric environment as similarly suggested for MoS 2 on Si (111) [8, 25] . The detailed modeling of the van der Waals interaction between MoS 2 and c sapphire and the resulting interfacial state is out of the scope of the current Rapid Communication as the realistic predictions of the band structure require computationally challenging techniques [26] . Nevertheless, the influence of the substrate on the band structure is to be investigated in the future by considering other CVD monolayer MoS 2 /substrate systems and further theoretical calculations.
To summarize, the electronic structure of a large-area as-grown CVD MoS 2 monolayer was directly measured by energy-filtered momentum microscopy kPEEM using a conventional He I excitation source under off-normal illumination. The full k-space imaging of the valence-band structure verifies the exceptional crystal quality of the van der Waals epitaxy of MoS 2 on a c-sapphire substrate and demonstrates a freestanding character of the single-crystal MoS 2 obtained. We report a negligible in-plane relaxation and effective hole mass of 2.41 ± 0.05 m 0 and 0.81 ± 0.05 m 0 , respectively, at and K high-symmetry points. The upper valence band appeared to be compressed by 82% compared to that of free-standing MoS 2 suggesting the band distorting effect of the substrate. This Rapid Communication has a strong implication on the
